Spontaneous neurotransmitter release has been considered synaptic noise for decades. Recent work, however, suggests that synaptic events arising from action potential (AP)-independent neurotransmitter release contribute to synaptic function in a manner qualitatively different from AP-dependent release. We investigated the effect of somatic depolarization on spontaneous neurotransmitter release in neurons of the external portion (EX) of the chicken inferior colliculus. We found this manipulation affects spontaneous but not APdependent release onto EX neurons in a retrograde manner. This depolarization-induced suppression of spontaneous release requires activation of NMDA receptors on the presynaptic cell and postsynaptic calcium-dependent vesicle fusion. These results show a novel form of plasticity that allows the postsynaptic cell to selectively modulate spontaneous neurotransmitter release of its afferent inputs.
Introduction
Neurotransmitter release may be evoked by the invasion of the presynaptic terminal by an action potential (AP-dependent) or occur spontaneously (AP-independent). Compared with those arising from AP-dependent release, synaptic events produced by the spontaneous fusion of synaptic vesicles at the presynaptic terminal have smaller amplitude and are thus called "miniature events," or "minis." The idea that minis occur stochastically and presumably lack the strength and reliability of AP-dependent release led to the labeling of minis as synaptic noise of no physiological significance. However, work over the past decade has challenged this concept. Minis can modulate firing rate (Carter and Regehr, 2002) and also stabilize synaptic function at excitatory synapses (Frank et al., 2006; Sutton et al., 2006) . Because of growing evidence that minis play a role in synaptic function, how their probability of occurrence is modulated is a relevant issue.
The presynaptic modulation of neurotransmission by messengers generated in the postsynaptic neuron is a widespread phenomenon (Regehr et al., 2009) . Although originally restricted to gases (Brenman and Bredt, 1997; Hölscher, 1997; Boehning and Snyder, 2003) , peptides (Wagner et al., 1991; Drake et al., 1994; Qian et al., 1997; Yung et al., 2001; Li et al., 2002; AcunaGoycolea and van den Pol, 2004, 2009; Gompf et al., 2005; Kozoriz et al., 2006; Blomeley and Bracci, 2008) , and molecules derived from lipid precursors (Feinmark et al., 2003; Chevaleyre et al., 2006; Sang and Chen, 2006) , the list of retrograde messengers has been recently expanded to include conventional neurotransmitters such as GABA (Zilberter et al., 1999; Magnusson et al., 2008) and glutamate (Zilberter, 2000; Duguid and Smart, 2004) . Here we report a novel form of synaptic plasticity induced by retrograde activation of non-postsynaptic, presumably presynaptic, NMDA receptors (NMDARs) in the external portion (EX) of the avian inferior colliculus, where endocannabinoid (eCB)-dependent long-term depression (LTD) has been described (Penzo and Peña, 2009 ). This novel phenomenon consists of a reduction in the frequency of minis triggered by postsynaptic depolarization, which lasts for several minutes and does not affect evoked synaptic responses.
Materials and Methods
Brain slices. Midbrain slices were prepared from White Leghorn late chicken embryos (embryonic day 17-19) of both sexes (Charles River). Sections (350 m thick) were made parallel to the dorsoventral axis of the optic lobe. The tissue was then incubated for 1 h at 38°C in artificial CSF (aCSF) containing the following (in mM): 139 NaCl, 2.9 KCl, 1 MgSO 4 , 3.14 CaCl 2 , 17 NaHCO 3 , and 12.2 D-glucose, bubbled with 95% O 2 and 5% CO 2 , pH 7.4.
Electrophysiology. Whole-cell patch-clamp recordings of EX neurons were obtained using standard procedures with a MultiClamp 700B amplifier (Molecular Devices). Recordings were made in the same aCSF solution as the incubation, at 37°C (Temperature Controller; Warner Instrument), delivered to the perfusion chamber at a rate of 2.5 ml per minute. The recording pipette solution contained the following (in mM): 110 K gluconate, 10 HEPES, 10 NaCl, 10 phosphocreatine (dipotassium salt), 0.2 EGTA, 5 ATP (dimagnesium salt), 0.4 GTP (trisodium salt), and 10 glucose, pH 7.2. Pipette resistance ranged from 3 to 4 M⍀.
Neurons were recorded in voltage-clamp configuration with the membrane potential held at Ϫ60 mV. Synaptic currents were evoked using monopolar stimulation of afferent inputs with a patch-type electrode of 10 -20 M tip size filled with aCSF. The stimulating electrode was placed in the central shell portion (CSh) of the inferior colliculus. Electrical stimulation consisted of paired-pulses delivered to CSh every 5 s to measure changes in paired-pulse ratio (PPR). PPR was determined for each trial and then averaged over 12 traces. Each individual pulse had an amplitude of 50 -200 A and a duration of 0.1 ms with an interpulse interval of 40 ms. Currents were low-pass filtered at 2 kHz and acquired with a 5 kHz sampling rate using Igor Pro software (WaveMetrics). The series resistance (5-20 M⍀) and the cell's input resistance were monitored throughout recordings with 100 ms test pulses of Ϫ10 mV at the beginning of each trace.
Plasticity of spontaneous release was induced by a membranepotential step from Ϫ60 to 0 mV for 5 s (1 and 3 s steps were used in a subset of experiments), after obtaining a stable baseline of miniature EPSC (mEPSC) frequency (4 -5 min). In a subset of experiments, plasticity was induced by a 5 s train of 10 ms current pulses at 5 Hz delivered in current-clamp mode.
All experiments were performed with picrotoxin (100 M) in the bath to block GABA A receptors. TTX (1 M) was added to the bath to isolate mEPSCs. D-APV (50 M) was used to block NMDAR. Intracellular dialysis with autocamtide-2-related inhibitory peptide (AIP; 1 M) and bath application of KN-93 (1 M) were used to block CaMKII. KN-92 was used a control for KN-93. WIN55212-2 (5 M) and AM-251 (2 or 5 M) were used to activate and block CB1Rs, respectively. Intracellular perfusion with MK-801 (1 mM) was used to block postsynaptic NMDARs. To sequester intracellular postsynaptic calcium, the concentration of K gluconate was lowered to 80 mM and replaced with BAPTA (10 mM) in the pipette solution. Nifedipine (10 M) was used to block L-type voltagegated calcium channels. Evans blue (5 M) was used to block vesicular glutamate transporters (VGLUTs). NMDA (5-30 M) was used to activate NMDARs. Two dynamin inhibitory peptides [p4 (20 M) and D15 (1.5 mM)] were used to prevent dynamin-dependent vesicle endocytosis. aCSF chemicals were obtained from Sigma-Aldrich. All drugs were obtained from Tocris Bioscience except for KN-92, which was bought from EMD Chemicals.
The inhibitory interfering peptide of SNARE-dependent exocytosis made from the C-terminal domain of SNAP-25 with a point mutation of Ser 187 to Ala (SNAP-25, 10 M) and its scrambled version were from Anaspec and kindly provided by Dr. Alberto Pereda (Albert Einstein College of Medicine, Bronx, NY).
Statistical analysis. The statistical significance of changes was assessed with the paired t test (Systat Software). Plasticity of synaptic responses was quantified by comparing the last three data points of the baseline recording with the last three data points of each recording, except for testing the effect of NMDA, in which comparisons were made between the three points preceding and following the start of NMDA application. Cumulative probabilities were compared with the Kolmogorov-Smirnov test.
Results

Depolarization-induced suppression of spontaneous release
We performed whole-cell voltage-clamp recordings of EX neurons in the presence of 100 M picrotoxin. TTX (1 M) was added to the aCSF to isolate mEPSCs (minis). Evoked EPSCs (eEPSCs) were recorded by stimulating afferent inputs to EX neurons in CSh. For studying evoked responses, electrical stimulation was delivered every 5 s and 12 traces were recorded per minute (see Materials and Methods). For mEPSC recordings, 5 s of continuous recording were acquired every 6 s. To induce plasticity, we stepped the membrane potential of recorded neurons from Ϫ60 to 0 mV for 5 s. Although this manipulation had no effect on either the amplitude (n ϭ 8; 102.0 Ϯ 4.9% of control; p Ͼ 0.1) (Fig. 1 A) of eEPSCs or the PPR [n ϭ 8; 0.87 Ϯ 0.03 and 0.87 Ϯ 0.02 (before and after, respectively); p Ͼ 0.1] (Fig. 1 B) , we observed a slow reduction in the frequency (n ϭ 5; 59.5 Ϯ 4.4% of control; p Ͻ 0.001) (Fig. 1C,D) but not amplitude (n ϭ 5; 95.0 Ϯ 2.8% of control; p Ͼ 0.1) (Fig. 1C,D) , of mEPSCs. Cumulative plots for mEPSC amplitude and frequency before and after the depolarization-induced suppression of spontaneous release (DSSR) induction are also shown ( Fig. 1 E-H ) . Shorter depolarizations also elicited DSSR, although the resulting suppression recovered faster (Fig. 2 A) (n ϭ 6 for 1 s depolarization and n ϭ 5 for 3 s depolarization; 100.7 Ϯ 8.2% and 77.4 Ϯ 5.2% of control, respectively; p Ͼ 0.1 and p Ͻ 0.01, respectively). DSSR was monitored for 8 min in the majority of the experiments. However, longer recordings were conducted in a subset of experiments, which showed that DSSR could still be observed after 15 min (n ϭ 5; 52.8 Ϯ 4.3% of control; p Ͻ 0.001) (Fig. 2 B) . In addition, the postsynaptic depolarization that induced DSSR also triggered a reduction in the frequency of spontaneous excitatory synaptic currents (sEPSCs) recorded in the absence of TTX (n ϭ 6; 65. 4 Ϯ 3.8% of control; p Ͻ 0.001) (Fig. 2C) . To test whether more physiological forms of postsynaptic depolarization also modulate spontaneous release, we measured the effect of spike trains. Spiking of the postsynaptic cell evoked by 10 ms current steps recorded in current-clamp mode (5 Hz for 5 s) also reduced the frequency of sEPSCs, in a manner similar to postsynaptic depolarization (n ϭ 6; 54.8. 4 Ϯ 3.0% of control; p Ͻ 0.001) (Fig. 2C) . These findings indicate that suppression of spontaneous release can be triggered by physiologically relevant stimuli.
The frequency of mEPSC depends both on the probability of release ( P) and on the number of active release sites ( N). A reduction in the frequency of mEPSC could thus be due to a decrease in either P or N. To confirm that a change in P is responsible for DSSR, we tested whether postsynaptic silencing of synaptic sites due to removal of AMPA receptors, which would affect N, could account for the observed reduction in mEPSC frequency. A DSSR-inducing protocol was applied to neurons loaded with a dynamin inhibitory peptide p4 (20 M), which prevents endocytosis and thus, receptor internalization. p4 did not prevent DSSR (n ϭ 5; 67.8 Ϯ 4.5% of control; p Ͻ 0.001) (Fig. 2 D) and had no significant effect in mEPSC amplitude (n ϭ 5; 107.8 Ϯ 2.3% of control; p Ͼ 0.05) (Fig. 2 D) . In addition, DSSR was not affected by loading of EX cells with a dominant-negative peptide composed of 15 amino acids, which disrupts the interaction between dynamin and amphiphysin (n ϭ 4; 63.4 Ϯ 5.3 of control; p Ͻ 0.001) (Fig. 2 D) . Together with the absence of effect on evoked responses of postsynaptic depolarizations, these results suggest that DSSR is mediated by a reduction in release probability of spontaneous transmission and is not a consequence of synaptic silencing.
CaMKII-dependent retrograde activation of putative presynaptic NMDARs mediates DSSR
We next investigated the molecular mechanism responsible for DSSR induction. DSSR was prevented by loading the postsynaptic cell with the calcium chelator BAPTA (10 mM) and by bath application of the L-type channel blocker nifedipine (10 M) (n ϭ 4 for each condition; 95.8 Ϯ 5.4% of control for BAPTA and 115.3 Ϯ 9.3% of control for nifedipine; p Ͼ 0.1 for both) (Fig.  2 E) . In addition, this phenomenon was independent of CB1R activation, as it was unaffected by bath application of the CB1R antagonist AM-251 (n ϭ 6; 68.6 Ϯ 5.3% of control; p Ͻ 0.001) (Fig. 2 F) , suggesting that a retrograde messenger other than eCBs was responsible for DSSR.
To determine whether NMDAR activation was required for DSSR, voltage steps were performed in the presence of either bath-applied D-APV (50 M) or intracellular dialysis with MK-801 (iMK-801; 1 mM). D-APV (n ϭ 5; 105.9 Ϯ 2.6% of control; p Ͼ 0.1) (Fig. 3 A, B) , but not iMK-801 (n ϭ 6; 62.4 Ϯ 3.9% of control; p Ͻ 0.001) (Fig. 3 A, B) , prevented DSSR. These results are consistent with the existence of presynaptic NMDARs in EX, as previously reported (Penzo and Pena, 2009 ). Activation of presynaptic NMDARs requires the presence of glutamate. We hypothesize that depolarization of the postsynaptic cell induces glutamate release that acts retrogradely on these NMDARs. To test this hypothesis, we used Evans blue, a potent inhibitor of VGLUT, dialyzed through the patch pipette. Evans blue (5 M) prevented DSSR induction (n ϭ 5; 100.5 Ϯ 7.2% of control; p Ͼ 0.1) (Fig. 3C,D) , suggesting that glutamate released by the postsynaptic cell is required for DSSR. We next investigated whether, consistent with the hypothesis of a retrograde glutamatergic effect, DSSR requires postsynaptic vesicle exocytosis. To test this, we used a short inhibitory peptide of SNARE-dependent exocytosis, made from the C-terminal domain of SNAP-25. In blind experiments, we found that DSSR was abolished when the SNAP-25 inhibitory peptide (n ϭ 5; 95.9 Ϯ 3.9% of control; p Ͼ 0.1) (Fig. 4 A, B) was loaded into the postsynaptic cell and not in control experiments with a scrambled peptide (n ϭ 4; 61.7 Ϯ 5.4% of control; p Ͻ 0.001) (Fig. 4 A, B) . These results suggest that DSSR is induced by SNARE-dependent retrograde transmission through putative presynaptic NMDARs.
CaMKII is associated to synaptic vesicles (Ouimet et al., 1984) and phosphorylates both synapsin I and SNARE proteins in vitro (Wang, 2008) . Because EX neurons are rich in CaMKII (Penzo and Pena, 2009 ) and DSSR is SNARE-dependent, we tested whether CaMKII could be involved in DSSR. In separate experiments, bath application of the CaMKII antagonist KN-93 (1 M; n ϭ 6; 97.6 Ϯ 3.8% of control; p Ͼ 0.1) (Fig. 4C,D) and intracellular dialysis with AIP (1 M; n ϭ 6; 110.8 Ϯ 2.7% of control; p Ͼ 0.1) (Fig. 4C,D) , which also inhibits CaMKII, prevented DSSR. KN-92, the inactive version of KN-93, was used as control (n ϭ 5; 51.8 Ϯ 3.7% of control; p Ͻ 0.001) (Fig.  4C,D) . These results indicate that CaMKII is a postsynaptic mediator of DSSR.
NMDARs control spontaneous neurotransmitter release
An assumption made earlier is that the non-postsynaptic NMDARs required for DSSR are presynaptic. To test this assumption, we compared the frequency and amplitude of mEPSCs recorded in the presence and absence of the NMDAR antagonist D-APV. Events recorded from seven neurons had an average amplitude of 36.0 Ϯ 7.2 pA and an average frequency of 4.0 Ϯ 1.1 Hz (Fig. 5B) . Following a stable baseline (4 -6 min), bath application of D-APV significantly reduced the frequency (2.7 Ϯ 0.6 Hz; p Ͻ 0.05) but not the amplitude (38.1 Ϯ 8.9 pA; p Ͼ 0.1) of spontaneous events (Fig. 5B) . This result is consistent with the involvement of presynaptic NMDARs. Similar effects of NMDARs in neurotransmitter release have been reported by others (for review, see Corlew et al., 2008) .
As described above, blocking NMDARs with D-APV prevents DSSR. However, D-APV application alone reduces the frequency of mEPSCs. Although the reduction in mEPSC frequency following D-APV application is smaller than DSSR (32% and 41%, respectively), it is possible that the absence of DSSR in slices treated with D-APV results from occlusion due to an already suppressed transmission caused by the D-APV. An alternative explanation is that NMDARs are tonically activated by ambient glutamate, thereby enhancing neurotransmitter release in basal conditions. Blocking these tonically active receptors would thus reduce spontaneous release. To determine whether this was the case, we investigated the effect of NMDAR activation on mEPSC frequency. We tested the effect of 5 and 30 M NMDA on spontaneous release. Bath application of 5 M NMDA induced a significant increase in the frequency of mEPSC (n ϭ 4; 145.2 Ϯ 11.9% of control; p Ͻ 0.01) (Fig. 6 A, B) . This increase in mEPSC frequency was transient and not blocked by loading the postsynaptic cell with MK-801 (1 mM; n ϭ 4; 124.3 Ϯ 10.2% of control; p Ͻ 0.05) (Fig. 6 B) . Conversely, bath perfusion with 30 M NMDA induced a decrease in mEPSC frequency (n ϭ 5; 69.5 Ϯ 4.7% of control; p Ͻ 0.001) (Fig.  6C,D) . This decrease in mEPSC frequency persisted after NMDA washout and was not prevented by iMK-801 (n ϭ 4; 75.9 Ϯ 5.8% of control; p Ͻ 0.01) (Fig. 6 D) . Together, these results suggest that the NMDAR exerts a dynamic control on neurotransmitter release. Whereas application of low dose of the NMDA transiently facilitates release, a higher dose produces a persistent suppression. We conclude that the reduction in mEPSC frequency following D-APV application is likely due to a suppression of the facilitating effect of NMDAR activation under basal conditions, whereas DSSR is likely to be a plasticity triggered by increased activation of NMDARs on the presynaptic cell. 
Suppression of evoked neurotransmission by coincident postsynaptic depolarization and CB1R activation
Modulation of spontaneous release is cannabinoid-independent and mediated by a retrograde signal that does not affect evoked (AP-dependent) neurotransmission. In light of previous work showing that LTD of evoked transmission at the CSh-EX synapse requires both CB1R and presynaptic NMDAR activation (Penzo and Peña, 2009) , we reasoned that activation of presynaptic NMDARs alone by DSSR-inducing stimuli might not be sufficient to suppress evoked transmission. If this was the case, then coupling postsynaptic depolarization to pharmacological activation of CB1R should be sufficient to induce long-lasting suppression of evoked neurotransmission at this synapse. To test this prediction, we bath applied the CB1R agonist WIN, which reduces the amplitude of eEPSCs and is reversible by CB1R antagonists (Penzo and Peña, 2009) . Pairing bath application of WIN and postsynaptic depolarization prevented recovery of eEPSC amplitude following washout of WIN with the CB1R antagonist AM-251, thus converting an otherwise transient depression into an LTD (n ϭ 6; 80.9 Ϯ 1.5% of control; p Ͻ 0.001) (Fig. 7A ) This suppression was expressed as a long-term increase in PPR, consistent with a decrease in neurotransmitter release probability (n ϭ 5; p Ͻ 0.01) (Fig. 5B) . In control experiments, D-APV was applied 1 min prior to and following the depolarization to test whether NMDARs are required for this depolarization-induced suppression of AP-dependent release. As predicted, 50 M D-APV prevented the effect of depolarization on the WINmediated reduction of the EPSC amplitude (n ϭ 5; 96.5 Ϯ 3.0% of control; p Ͼ 0.1) (Fig. 7 A, B) . These findings are consistent with coincident presynaptic NMDAR and CB1R activation being necessary to trigger LTD (Sjöström et al., 2003; Bender et al., 2006; Penzo and Peña, 2009) and demonstrate that somatic depolarization can trigger the release of a retrograde messenger that leads to the activation of presynaptic NMDAR.
Input selectivity of DSSR
The data presented so far suggest that DSSR is triggered by a mechanism that selectively affects spontaneous transmission, leaving responses evoked by electrical stimulation unchanged. Our hypothesis is that both types of release take place at the same synapses. An alternative explanation of our results, however, is that the inputs producing the spontaneous responses are different from those activated by electrical stimulation. Although this problem is very difficult to resolve in our preparation, we conducted experiments to address the question.
We have found two major inputs to EX neurons: one arising from the CSh and another from the deep layers of the optic tectum (OT). Although exact homology has not been demonstrated, this type of connectivity resembles that found in barn owls, where a feedback from OT to the auditory midbrain plays a role in experience-dependent plasticity (Knudsen, 2002) . We could elicit eEPSCs by placing an additional stimulating electrode in the deep layers of OT and in the tectotegmental tract of the inferior colliculus. Electrical stimulation of these sites induced synaptic currents in EX neurons (Fig. 8A) . As we observed no crosssuppression with paired stimulation (Fig. 8 A) , we determined that these inputs were independent from those excited by CSh stimulation.
To further distinguish these inputs, we investigated the effect of group I mGluR activation at OT and CSh synapses onto EX neurons. It is known that group I mGluR activation by (S)-3,5-dihydroxyphenylglycine hydrate (DHPG; 50 M) induces LTD at CSh-EX synapses (Penzo and Peña, 2009 ). Here, we performed a variation of this protocol. DHPG was applied to the bath for 7-8 min following a stable baseline while simultaneously monitoring CSh-eEPSCs and OT-eEPDCs on EX neurons. Whereas DHPG induced LTD of CSh-eEPSCs (n ϭ 4; 67.8 Ϯ 2.5% of control; p Ͻ 0.001) (Fig. 8 B) , no effect was observed on OT-eEPSCs (n ϭ 4; 99.5 Ϯ 6.3% of control; p Ͼ 0.1) (Fig. 8 B) . This result suggests that group I mGluR activation selectively depresses CSh-EX synapses. Similar to DSSR, DHPG-mediated LTD of CSh-eEPSCs was prevented and partially reversed by D-APV (n ϭ 4; 109.4 Ϯ 5.9% of control; p Ͻ 0.05) (Fig. 8C) but not by iMK-801 (n ϭ 5; 68.5 Ϯ 1.9% of control; p Ͻ 0.001) (Fig. 8C) . DHPG application also induced a persistent decrease in the frequency of mEPSCs onto EX neurons (n ϭ 6; 55.1 Ϯ 4.2% of control; p Ͻ 0.001) (Fig.  8 D) . These results show that the CSh input shares specific regulatory mechanisms with the inputs mediating the bulk of spontaneous events onto EX neurons. This evidence suggests that the mEPSCs and eEPSCs investigated in this study arise, largely, from the same input, i.e., the CSh-EX synapse.
Discussion
Retrograde messengers allow neurons to modulate the strength of their afferent inputs (Regehr et al., 2009) . Because different forms of transmitter release are present at synapses, the selectivity of retrograde messengers to regulate these diverse forms of neurotransmission remains an open question. Here we have investigated the role of retrograde transmission in the modulation of AP-independent release. We present a novel form of plasticity induced by postsynaptic depolarization that requires activation of NMDARs on the presynaptic cell and that exclusively affects spontaneous release.
Depolarization-induced suppression of spontaneous release
Work over the past decade has challenged the concept of spontaneous neurotransmitter release as mere synaptic noise. A recent report showed that minis alone can adjust the threshold for plasticity at single synapses (Lee et al., 2010) . Also, minis and synaptic events induced by action potentials may act on different subsets of postsynaptic receptors at a single terminal (Atasoy et al., 2008) . This suggests that spontaneous and evoked release belong to different functional microdomains within a single synapse. Our results are consistent with this view. At the CSh-EX synapse of the avian midbrain, postsynaptic depolarization induces a persistent suppression of spontaneous release by retrograde activation of presynaptic NMDARs, which does not affect AP-dependent release. Unlike in the cerebellum, where postsynaptic depolarization of Purkinje cells triggers an increase in both the frequency and amplitude of inhibitory minis (Duguid and Smart, 2004) , retrograde activation of presynaptic NMDARs in EX reduces the frequency of minis while leaving their amplitude unaltered, thus implicating glutamate as a putative retrograde messenger. DSSR blockade by selectively inhibition of VGLUTs on the postsynaptic cell is consistent with this idea.
DSSR is mediated by CaMKII and SNARE-dependent vesicle exocytosis at the postsynaptic compartment. CaMKII can associate with synaptic vesicles (Ouimet et al., 1984) as well as phosphorylate SNARE proteins in vitro (Wang, 2008) . In addition, CaMKII can induce glutamate release from both intact synapses (Llinás et al., 1985 (Llinás et al., , 1991 and synaptosomes (Nichols et al., 1990) . CaMKII interaction with Synapsin I (Llinás et al., 1985 (Llinás et al., , 1991 Nichols et al., 1990 Nichols et al., , 1992 and SNARE proteins (Nielander et al., 1995; Hirling and Scheller, 1996) presumably mediates this function. Altogether, these findings strengthen the hypothesis that glutamate is directly released by the postsynaptic cell during DSSR.
A reduction in the frequency of minis induced by postsynaptic depolarization could be the result of a decrease in presynaptic function. Conversely, postsynaptic silencing by the removal of AMPA receptors from synapses could also account for our observations. Several aspects of our studies support the former hypothesis. First, DSSR requires the activation of NMDARs on the presynaptic cell. Second, blocking dynamin-dependent endocytosis does not prevent DSSR induction. Third, DSSR does not affect evoked responses. These findings support the idea that DSSR is presynaptically expressed, affecting only spontaneous release. Furthermore, DSSR is also induced by physiologically relevant depolarizing stimuli such as low-frequency spiking of the postsynaptic cell.
The question remains of what functional roles DSSR plays in EX. Given the amplitude (ϳ40 pA) and frequency (4 -6 Hz) of mEPSCs, it is unlikely that spontaneous transmission would have a direct effect in the output of EX cells, as it is the case in stellate cells of the cerebellum (Carter and Regehr, 2002) . However, as stated above, recent work suggests that even at low rates, mEPSCs can adjust the threshold for plasticity at single synapses (Lee et al., 2010) . Determining whether the reduction in mEPSC frequency observed in DSSR has a similar effect in the threshold for LTD induction and/or in its expression is intriguing and requires further study.
Retrograde transmission in DSSR
Depolarization-induced suppression of both inhibition (Llano et al., 1991; Alger, 1992, 1994; Vincent and Marty, 1993; Alger and Pitler, 1995) and excitation (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001 ) is a form of short-term plasticity that has been reported in several brain regions. These phenomena generally require endocannabinoid synthesis at the postsynaptic neuron (Kreitzer and Regehr, 2001; Wilson and Nicoll, 2001 ) and subsequent activation of presynaptic CB1Rs. A longer lasting plasticity reported at a cerebellar synapse, termed depolarization-induced potentiation of inhibition (DPI), is endocannabinoid-independent and presumably mediated by retrograde glutamatergic transmission (Duguid and Smart, 2004) . Like DPI, DSSR is not prevented by blocking CB1Rs and requires both non-postsynaptic NMDAR activation and SNAREdependent exocytosis at the postsynaptic membrane, suggesting glutamate as a plausible retrograde messenger. In fact, somatodendritic release of glutamate has been reported by others (Zilberter, 2000; Zilberter et al., 2005) . Though in our opinion glutamate release from the postsynaptic neuron represents the most likely scenario, conclusive evidence in favor of this hypothesis is not presented here.
It is intriguing that D-APV not only prevents DSSR and DHPG-induced LTD but also unmasks a potentiation induced by stimulation protocols that would normally cause depression. This suggests that NMDAR activation might turn into depression a mechanism that would otherwise induce potentiation. What the mediators of this small potentiation are requires further studies.
Input-specificity of DSSR
An important issue regarding our results is the possibility that the inputs driving CSh-evoked responses are qualitatively distinct from those mediating mEPSCs. We have addressed this issue by comparing the role of group I mGluR activation on the function of two major inputs of EX neurons, one originating in CSh and another in OT. We have shown that DHPG induces NMDARdependent LTD at the CSh-EX synapse (Penzo and Peña, 2009 ). Here we report that this LTD is not prevented by selectively blocking postsynaptic NMDARs, and presumably requires NMDARs on the presynaptic cell. In addition, DHPG-mediated LTD is selectively expressed in CSh inputs but not in OT-evoked responses. Because DHPG suppresses the frequency of mEPSCs similarly to DSSR and CSh-eEPSCs, we conclude that inputs mediating CSh-evoked responses and mEPSCs are likely to be largely the same.
Distinct modulation of spontaneous and evoked transmitter release by retrograde messengers
As mentioned above, the postsynaptic depolarization responsible for DSSR does not affect evoked transmission onto EX neurons. However, this manipulation was sufficient to evoke LTD when CB1Rs were activated pharmacologically. These findings are consistent with growing evidence suggesting that various forms of neurotransmitter release represent qualitatively different processes. Spontaneous and nonspontaneous synaptic events are mediated by different vesicle-fusion mechanisms (Maximov et al., 2007; Chung et al., 2010) and target different populations of postsynaptic receptors (Atasoy et al., 2008) . We have found that spontaneous and evoked synaptic release respond differently to retrograde messengers. Whereas retrograde activation of presynaptic NMDARs alone can reduce spontaneous release, coincident activation of CB1Rs by eCBs might be required for the postsynaptic neuron to exert a similar effect on evoked transmission. Thus, combining retrograde messengers could potentially allow for a differential modulation of distinct forms of neurotransmitter release.
